PACS. 83.10Nn -Polymer dynamics. PACS. 83.80Es -Polymer blends. PACS. 61.10Ht -X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc.
Thin film polymer blends have considerable technological importance and are used in numerous applications ranging from multi-color photographic printing to paints, adhesives and protective coatings. Compared to the bulk properties, less is known about the properties of blends when they are processed into thin films. Numerous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have shown that for binary polymer blends the spinodal decomposition and coarsening process can be more complex in thin films where various boundary conditions are imposed. Most of the recent studies of phase separation in thin films relied on various scanning force and optical microscopy methods. These methods can only probe features that vary in topography, mechanical properties or have large differences in reflectivity, and hence these studies have mostly concentrated on -Reference spectra of PS and PMMA normalized to the pre-and post-edge linear absorption coefficients of Henke [11] , assuming a density of 1.07 g/cm 3 for PS and 1.19 g/cm 3 for PMMA [12] .
the growth of large domains in the very late stages of phase separation [4, [6] [7] [8] [9] [10] . While growing domain sizes can be observed, the determination of the local composition within domains is elusive and these techniques are unable to unambiguously resolve the mass flow. Consequently, while a variety of morphologies that evolve during the phase separation process in polymer thin films have been observed [3] [4] [5] [6] [7] [8] [9] , the composition of two-and three-dimensional morphologies and its time-dependent evolution has never been directly determined in the early stages of phase separation. In this report, we present the results of combining quantitative Near Edge X-ray Absorption Fine Structure (NEXAFS) microscopy with Scanning Force Microscopy (SFM) to observe and characterize the phase separation and coarsening in a thin film (146 nm) over a wide range of time scales. The model polymer blend utilized consisted of monodisperse (Molecular weight Mw = 27000, Mw/Mn < 1.05) polystyrene (PS) and poly(methyl methacrylate) (PMMA) (Mw = 27000, Mw/Mn < 1.1). We have determined the composition of the phases in the as-spun films, observed the phase separation into smaller domains, and the development of ragged domains during the early stages of coarsening. Our observations of the early stages are particularly interesting because recent lattice Boltzmann simulations by Wagner and Yeomans [13] on thin layers of binary fluids indicate that the early stages of the spinodal decomposition process are even more sensitive to the dimensionality of the film than the later stages [14] . These results predict that the dominant growth mechanism in thin films depends on the competition between the relative viscosities, the diffusivities of the two liquids, as well as the amplitude of the surface capillary waves relative to the domain size. In contrast to bulk spinodal decomposition, the resulting patterns are predicted to lack scale invariance and to develop with time-dependent rate laws. Depending on the viscosities, different morphologies, including ragged ones, can evolve. Our observations of the various time domains and the formation of a ragged morphology are in qualitative agreement with Wagner and Yeomans. Thin films composed of 50/50 weight percent PS/PMMA blends were spun cast out of toluene solution onto Si substrates with a native oxide layer. The thickness of the films, 143 nm, was determined by multiple wavelength ellipsometry. The films were annealed for varying times and sections were subsequently transferred to carbon-coated TEM grids for investigation with the Stony Brook Scanning Transmission X-ray Microscope (STXM) [15] [16] [17] at the National Synchrotron Light Source. We acquired NEXAFS images of the thin films at photon energies that included characteristic peaks of the component polymers (see fig. 1 ). To obtain the composition profiles from the transmission images we utilized the "singlevalue decomposition" procedure described in ref. [18] . This procedure uses the carefully measured absorption coefficients from the reference homopolymers ( fig. 1 ). We determined mass thickness maps of each constituent polymer, and compared the summed maps (total thickness) to SFM topographs. The individual NEXAFS compositional maps were compared to friction and lateral force measurements using a SFM with an externally driven amplitude modulation. Due to the slight difference in surface friction and modulus, these techniques can be used to differentiate between PS and PMMA phases [9, 19] . The surface composition and interface morphology of the PMMA phase was also checked and compared to NEXAFS microscopy by washing off the PS layer in cyclohexane, a selective solvent for PS.
From the quantitative NEXAFS maps ( fig. 2 ) we can see directly that the unannealed, solution cast blend ( fig. 2A -C) is already phase separated into small PS-rich regions and a continuous PMMA-rich phase. We observed significant amounts of PS in a cyclohexane washed unannealed sample with quantitative NEXAFS maps and sample averaged NEXAFS spectroscopy (not shown here). Combining the results from the washed and unwashed sample, we find that the two polymers are partially mixed with the PMMA/PS concentration ratios varying from about 80/20% in the continuous PMMA-rich matrix to about 20/80% in the PS-rich islands. The NEXAFS maps also indicate a gradient layer between these domains as well as a thin PMMA layer near the substrate. Since the polymers are immiscible in the melt, the initial, mixed compositions observed are a result of co-dissolution in toluene during the solvent casting process. From figs. 2D-F, we see that immediately upon annealing, in the absence of solvent, drastic reorganization occurs. It is interesting to note that the large round PS domains that form after annealing for one week (figs. 2P-R) are not simply a result of the gradual coalescence of the small, PS-rich domains, which are observed prior to annealing. Rather, the mixed PS/PMMA domains phase separate into smaller domains and form intricate coarsening patterns for pure components (figs. 2D-L) similar to the ones predicted in ref. [13] . The initial changes in the first few minutes are the most rapid (note the change in scale between figs. 2A-F and G-L). This is qualitatively consistent with the results of ref. [13] which show a rapid initial growth of patterns in the hydrodynamic flow regime. In addition, the jagged flow patterns and rough interfaces in images 2D-K are similar to the patterns exhibited in these simulations and occur when the wavelength of capillary waves is about the same as the domain size [20] . Once the domains are circular, coalescence occurs through much slower diffusion/collision processes. This change in growth exponent, which is a function of the patterns formed, leads to the predicted lack of scale invariance. From the STXM figures, one can see additional features that are similar to those obtained in the simulations. For example, we see the scale-dependent crossover from hydrodynamic flow to diffusion/collision in figs. 2 E, H, F and K where large, interconnected domains with rough interfaces coexist with smaller, circular domains. Since these circular domains can only grow via collisions with each other, they remain trapped for long times within a matrix of the opposite phase. Since the ratio between the relative viscosities and diffusion coefficients of the two components was shown to determine the crossover between viscous flow and diffusion limited regimes, we must first know these parameters before we can compare time scales quantitatively with the theoretical model in ref. [13] . Previous work demonstrated that the diffusion coefficient of PS is a strong function of the film thickness or distance from the silicon interface [21] . Preliminary results show that a similar dependence may exist for PMMA [22] . Consequently, the ratio of the diffusivities is changing as the three-dimensional morphology develops. This effect may also contribute to the lack of scale invariance and explains the decrease in the dynamics observed with increasing annealing time. The PMMA mass thickness varies from 110 nm in the PMMA-rich regions The raw data comprised a set of four to six images for each sample area investigated, including energies corresponding to the C==C 1s to π * transition at 285.2 eV of the aromatic group of PS, the PS-dominated σ * peak at 295 eV, the C==O 1s to π * transition of the carbonyl in the PMMA, and the pre and post edge images at 281 and 310 eV, respectively. Single-value decomposition using densities of 1.07 g/cm 3 for PS and 1.19 g/cm 3 for PMMA resulted in the quantitative composition maps.
of the unannealed sample ( fig. 2B ) to about 60 nm of pure PMMA in the continuous phase after one week of annealing. The PMMA underneath the PS domains is on average less than 20 nm thick and even thinner near the edge. The PS thickness increases to approximately 450 nm in the spherical regions from an average thickness of approximately 70 nm in the unannealed film. This thickness difference corresponds to a tenfold decrease in the diffusion coefficient of PMMA [22] . The corresponding increase in the PS diffusion coefficient only affects reorganization within the PS domains. Since PMMA forms the continuous phase in these samples, it determines the rate at which the isolated PS regimes can collide and coalesce. Experiments are currently in progress to measure the diffusion coefficient as a function of film thickness for PMMA. Coupled with the thickness maps shown in fig. 2 , we will then be able to obtain quantitative comparisons with the theoretical models. Alternatively, films forced into a flat geometry between two surfaces would facilitate a quantitative comparison to theory. In the PS/PMMA blend system, the two polymers can also be differentiated by the slight difference in their frictional coefficient and solubility in different organic solvents. One can therefore also study some of the surface and three-dimensional aspects of the PS/PMMA interface with SFM. The limitation of washing is that only relatively pure PS regions are dissolved [23] and that the PMMA remains in a distorted, swollen state. A comparison of the SFM data to the STXM results allows, however, for the identification of possible artifacts. The combination of the two methods showed indeed some additional aspects affecting the coarsening and coalescence process. Figure 3 shows a lateral force modulation scan and topograph [24] of the same sample imaged with STXM in figs. 2G-L. The low regions appear on average brighter (or have larger friction) than the taller regions. The intricate morphology visible in the friction image ( fig. 3A) matches the compositional images derived from NEXAFS ( fig. 2G ). We can associate the bright and dark areas of fig. 3A with PMMA-and PS-rich regions, respectively, and can conclude that there are indeed two different surface phases that match the phases determined with STXM. Figure 4 shows the three-dimensional rendering of the topographical scans of samples annealed for 10 minutes and 65 hours and washed in cyclohexane to remove the PS phase. The remaining features are those of the pure PMMA phase. One can see that at early times PMMA "spikes" [25] attached to a PMMA sublayer are distributed throughout the sample. As annealing progresses ( fig. 2Q and 4B ), each PS droplet is surrounded by a wall of PMMA. Prior to the STXM experiments it was thought that the spikes within the walls of fig. 4B were impurities left behind by the solvent rinse. From figs. 2M-R it is clear that these are some of the original spikes that formed at early times and were swept along with the receding PS phase [26] . Similar small and isolated PS domains (seen as holes in the matrix of fig. 4 ) are also present in the PMMA phase. The PS features can easily be explained by diffusion-limited trapping where coalescence in a hostile PMMA matrix is only possible by collision of the droplets [13] . The presence of the PMMA spikes inside the PS droplets is more perplexing. From the SFM data, it is clear that these droplets are in contact with the PMMA sublayer that is continuous throughout the samples. However, the spikes do not get absorbed within this sublayer. This may be a manifestation of a "two fluid" behavior [21] whereby diffusion of the spikes into the thin layer is significantly inhibited due to the strong interaction pinning of the PMMA chains in the thin layer to the Si substrate. PMMA domains become trapped between the PS domain and a high-viscosity PMMA sublayer, resulting in a quasi 2-dimensional system in analogy to the small PS domains trapped in the PMMA matrix. One should also note that the PMMA interface beneath the PS droplets has a long wavelength undulation not apparent on the PMMA surface in contact with vacuum ( fig. 2Q) . This undulation appears as thickness stripes in the PMMA map with an amplitude approximately 5-6 times larger than the RMS roughness of the surrounding PMMA matrix (figs. 2N and 2Q). Since the RMS amplitude A of capillary waves at an interface are also known to scale as A ∼ γ −1/2 or approximately 5 for this system [27] we believe that these features are caused by the resonant capillary modes excited in the confined area beneath the PS droplets. These are the capillary modes that were also invoked in ref. [13] and explain the rough features seen in the mostly 2-D patterns (figs. 2G-O) observed at the initial stages of the coarsening process.
In summary, we have obtained new information about the composition, morphology and dynamics during the phase separation process of thin films of PS/PMMA blends prepared by spin casting from toluene solution. We have monitored the phase separation process over a wide range of times and observed three stages: 1) initial phase separation of the mixed phases, 2) rapid coarsening and unique mass flow patterns that are very different from the coarsening of phase separation in 3-dimensional systems, and 3) coalescence similar to classic spinodal decomposition in the late stages but with persisting complicated 3-dimensional interfaces. In particular, we have observed the complex morphology during coarsening and the different scaling regimes recently predicted by Wagner and Yeomans [13] . During the late stages, we have observed PMMA spikes and capillary wave induced interface modulations below the PS domains. To characterize the complicated structures formed and their evolutions we have utilized quantitative compositional analysis based on NEXAFS microscopy in conjunction with AFM techniques. Both techniques complement and enhance each other. Our approach will be useful to study details about the dynamics of the phase separation process in a variety of thin polymer films. ***
